Abstract: This work shows the state of development of resistive voltage dividers for use in a standard wattmeter that covers a frequency range from 50 Hz to 100 kHz. The voltage ranges go from 4 V to 1024 V, with required accuracy of 5 µV/V and 60 µrad/kHz. Nonlinear influences are studied and different methods to compensate the effect of stray capacitances are analyzed, as well as the measurement systems used to calibrate these devices.
INTRODUCTION
The amount of nonlinear loads in power networks has been increased during the last decades. This leads to distortion in currents and voltages which can disturb communication and control systems, as well as other electronic devices connected to the network. We are running a project [1] for designing and constructing a reference system for measuring electric voltage, current and power up to 100 kHz. This project is being jointly developed by the National Metrology Institutes of Brazil, Argentina and Uruguay (Instituto Nacional de Metrologia, Qualidade e Tecnologia (Inmetro) in Brazil, Instituto Nacional de Tecnología Industrial (INTI) in Argentina, and Administración Nacional de Usinas y Transmisiones Eléctricas (UTE) in Uruguay). The objective is the construction of three measuring systems, one for each institute. This project will contribute to provide calibration services in measuring ranges still not covered by these institutes. The project will also contribute to improve the traceability not only of electric power but also of related quantities like ac-dc transfer, voltage ratio, phase angle, ac voltage and ac current. For the voltage input, this standard system requires voltage dividers to scale the input values from 4 V to 1024 V, to the voltage value admitted by the analogue to digital converter (0.8 V). It is not easy to design such dividers with very low error at the highest frequency. There are parasitic capacitances and inductances that produce changes in the voltage ratio in amplitude and in phase, which have also been studied in other electrical fields [2] . Among this, the resistors and isolating materials used in the divider have nonlinear losses, which lead to nonlinear behaviors that cannot be compensated under distorted voltages. The following sections shows the progress in the development of these dividers.
GENERAL REQUIREMENTS
To cover all ranges (from 4 V to 1024 V), 9 resistive voltage dividers are used, one at a time, with binary nominal ratios. Table I shows details. The input resistance and the dissipated power depend on the input voltage. For all cases, the output resistance is 200 Ω and the output voltage is 0.8 V. In this way, the nominal current is constant for all dividers. The ratios were selected with binary ratios to allow the calibration against a standard binary inductive voltage divider [3] at low frequencies, and for covering the whole voltage range with the same step-ratio between each adjacent pair. The input arms are constructed with multiple individual resistors in parallelseries connection to limit the power of each one at 100 mW. Nonlinear effects and stray capacitances will be discussed in the following sections.
LINEARITY
To get high accuracy in all ranges of voltage and frequency, it is necessary that the divider behaves as a linear device. If the voltage waveform is distorted, as can be in this project, nonlinearities mean that it is not possible to correct in a general way for an arbitrary harmonic content. On the opposite, in linear circuits a correction can be done according to the sweep frequency response analysis or the step response. In voltage dividers the most important nonlinear effect is dielectric losses. High electric fields through isolation material can cause power losses that vary with frequency and field intensity in a nonlinear way. Other nonlinear effects, such skin effect, can be neglected in this application. The main components of the divider that contribute to nonlinear effects are resistors, printed circuit board (PCB) and capacitors used for compensation and guarding [4] . In resistors, the larger contribution to nonlinearities is caused by their isolation covers due to dielectric losses. In some models it is possible to remove the cover, and for others, the manufacturer can deliver special units without cover (see Fig. 1 ). This last option was applied in this work, and tests confirm the behavior improvement. Resistors (Vishay ZFoil) of 10 kΩ, 0.6 W, were tested with and without cover, mounted in a FR-4 PCB and PTFE PCB. The variation of the modulus of the impedance against the frequency is shown in Table II . The values are expressed in units in 10 6 .
The test was done using an ac-dc standard thermal transfer [5] . Negative values of the second and third columns mean that the ac impedance is smaller than the dc resistance. Dielectric losses cause this behavior because they can be modeled as a resistor in parallel with the th Brazilian Congress on Metrology, Bento Gonçalves/RS, 2015 3 resistor under test. As these types of losses increase with frequency, the ac-dc difference also increases. The absolute values of the third column are lower than those of the second one because the PCB losses were eliminated. For this last test the resistor was mounted in air, without PCB, directly fixed to the measuring structure. The fourth column corresponds to a resistor without cover also mounted in air. In this case, results shows that all main nonlinear effects were eliminated and the impedance increased with frequency due to stray capacitances to ground. Part of the input current was derived to ground without passing through the thermal converter. Fifth column corresponds to resistors without cover mounted in PTFE PCB which has low dissipation factor at high frequency. The ac-dc differences are similar to column four, which shows that the dielectric dissipation of the PTFE PCB can be neglected. As a conclusion, the dividers are constructed using PTFE PCBs and resistors without covers.
CAPACITANCE COMPENSATING METHODS
Once nonlinear effects have been eliminated, stray capacitances are the most relevant linear parasitic effect. There are some methods to compensate for stray capacitances. In coaxial structures, the capacitance to ground is generally larger than the parallel capacitance that resistors have. For compensation, one simple technique consist in adding parallel capacitors to the input and output arms, in order to have the same time constant in both arms. Although this works well in low precision dividers, it is not easy to use in high precision dividers. The capacitors have dielectric losses and stray inductances that significantly affect the ratio at high frequencies. Other proposal to compensate ground capacitances consist in connecting a capacitive guard arm [4] with the same partial potentials than the principal arm. This technique reduces radial electric fields, but it is difficult to get a shield shape to avoid edge effects. A third compensation method is shown in Fig. 2 . It uses a partial shield connected to the high potential terminal (right), adding a capacitance between the resistor and that terminal. Adjusting the length of this shield, it is possible to compensate the response to get an almost flat response in all the frequency range. Although this technique has worked well, one backward is that it does not eliminate radial electric fields at the surface of the resistor. So that, some nonlinear losses can remain due to these fields. In this work we explore a different shielding technique with the aim of nulling radial electric fields. Two symmetric cone-shaped electrostatic shields are installed at each end of the resistor to get null radial electric field at the whole surface of the resistor (see Fig. 3 ). The dimension of these shields were determined using an electric field simulation software. Test results and more details will be presented at the conference.
CALIBRATION
Different methods were used to calibrate the dividers. One of them was comparing the divider under test against an ac-dc thermal converter, and other method, using the step response.
AC-DC method
To test the variation of the modulus of the voltage ratio when the frequency is varied between 50 Hz and 100 kHz, the dividers will be compared against a standard voltage thermal converter. Results will be shown at the conference.
Step response
The step response method consists in applying a very fast step voltage at the input of the divider, measuring the output voltage waveform. This is a well-known technique for linear devices. As nonlinear effects were practically eliminated, this method can test modulus error as well as phase shift [6] If the excitation is sinusoidal, the complex variable p becomes jω, and at medium frequencies the higher order terms can be neglected. Then
For small phase displacement δ, its values approximately is
and the amplitude error ε ,
Both values can be evaluated from the step response from the calculation of integrals T and Ts, defined as:
To generate the step voltage, a dc current source is connected to the input of the divider and a mercury wetted relay is used to short circuit this point to ground [7] . The transition to zero has a very short time, lower than 1 ns. A 10 bits 100 MHz digital oscilloscope records the output voltage which is processed by a software that computes T and Ts, calculating ε and δ in function of frequency [8] . Figure 4 shows a typical oscillogram corresponding to a voltage th Brazilian Congress on Metrology, Bento Gonçalves/RS, 2015 5 divider of 300 V with a shield as shown in Fig. 2 . In this case, T=1.49 ns and Ts 2 =-2.38x10 -17 s 2 , which leads to ε=4.7 µV/V and δ=-940 µrad at 100 kHz. 
CONCLUSIONS
Methods to design and test resistive dividers have been proposed. They are intended for voltages up to 1024 V and frequencies up to 100 kHz. To get high accuracy, special resistors will be used with very low non-linear effects and very high stability. Details on test results will be given at the conference.
